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Panel C shows bacterial numbers from bulk sediment (single unreplicated sample)

and sand sorbent (4 replicate samples) growth on phenanthrene.
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absolute concentrations were not ascertained. Instead, the arbitrary units of

chromatogram peak areas are displayed along the vertical axes.

Top = concentrations of naphthalene, 2 methylnaphthalene, 1 methyl, 2

cyclopropenyl, benzene, and 3 nitro-1,2dicarboxybenzene

Bottom = Concentrations of indene, 1,2,3-trimethylbenzene, 1,ethyl-

2,methylbenzene, and 2,3-dihydro-4methyl-1H indene.
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1.0 BACKGROUND

This document reports results of laboratory experiments carried out during the second

fully funded year of a 3-year project entitled "Geochemical, Genetic, and Physiological

Control of Pollutant Biodegradation" (a six month no cost extension period was sandwiched

between years I and 2). For a detailed literature review, project description and statement of

work, the reader is referred to the original proposal in its entirety.

1.1. Project Motivation and Goals:

A slightly modified version of the Abstract from the proposal that originally defined

this project appears below. This synopsis is the most efficient way to familiarize the

reader with project motivations and goals.

ABSTRACT

(from original proposal, 9/91)

The proposed research was designed to utilize a combination of laboratory and field

studies to identify physical, chemical, genetic, and physiological influences that govern

the accumulation and biodegradation of polycyclic aromatic hydrocarbons (PAHs). Thee

and related compounds are among the chemicals whose environmental fate has been

targeted by the U.S. Air Force Bioenvironmental Research Program. We have conducted

a prior, independent study that has shown that, despite the presence of PAH mineralizing

microorganisms, PAHs persist at a site where freshwater sediments are fed by PAH-

contaminated groundwater. Hypotheses to be tested address fundamental mechanisms for

the persistence of environmental pollutants, these include: (1) the rate of delivery meets

or exceeds the rate of biodegradation; (2) the PAHs are not available to microbial

populations due to sorption onto the sediment organic matter, complexation reactions

with dissolved organic carbon, or due to the physical arrangement of the sediment matrix
which prevents contact between PAHs and microorganisms; (3) the microorganisms may

be physiologically limited by the presence of preferred metabolic substrates or toxic or
inhibitory substances, or by the lack of proper final electron acceptors, electron donors,

or inorganic or organic nutrients; and (4) PAis may persist simply due to restricted

distribution and abundance of biodegradation genes in naturally occurring microbial

populations. By working in an iterative manner between field observations and

controlled laboratory determinations, we intend to systematically test the above
hypotheses and thus identify constraints on microbiological processes that mineralize

PAMs (naphthalene and phenanthrene) at the field site.
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1.2. Synopsis of prgress from first 12-month period:

The Synopsis, below, is taken from p. 26 of the first Technical Report for this project

(30 September 1991 - 29 September 1992). This Summary appears here in order to give
the reader an appreciation of the significance and rationale for new experimental results

reported in this volume.

xynogsis

This project has merged three research areas (field geochemistry, microbiology, and

sorption chemistry) in order to understand the biogeochemistry of PAH compounds in a

contaminated field site. Although one year of research effort has not explained why
biodegradable PAils anomalously persist at our field study site, substantial progress

toward testing the relevant hypotheses has been made.

- Lack of naphthalene metabolism is caused neither by the absence of microbial

metabolic capabilities, nutrient limitation, nor the presence of toxins in site samples.

- Sorption of PAHs has been found to affect their bioavailability, hence

biodegradation, in complex and varying ways.

" The notion that duration of sorption contact time completely governs PAH

metabolism is simplistic. Under some circumstances mineralization of naphthalene

does seem to be inversely proportional to sorption contact time. But this

relationship is demonstrable with only certain microbiological populations. Thus,

the idiosyncrasies and diversities of microbial metabolism are probably the key in

understanding the sorption/bioavailability hypotheses. The size of the nonsorbed

naphthalene pool also seems to be a significant influence.

"* When the Sorption/Bioavailability hypothesis was tested with phenanthrene, the

type of sorbent emerged as a critical influence: regardless of inoculum source, no

mineralization was observed when seep sediment (high in organic matter) was

sorbent. In contrast, when sand was the sorbent (low in organic matter)

mineralization did occur.

- Under anaerobic conditions favoring methanogens and sulfate reducers, no

naphthalene metabolism occurred during a 16 day experiment. When oxygen and

nitrate were supplied to the same sediments and microbial populations, rapid

naphthalene mineralization occurred. Thus, simple oxygen and nitrate limitation has

emerged as one of the most probable causes for PAH persistence at the field site. The

presence of naphthalene mineralizing denitrifiers at this site, if confirmed, opens up a
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broad area of physiological and genetic investigations comparing individual aerobic

and denitrifying bacteria.

1.3 Synopsis of Pro&rss from Second (6 month no-cost extension) Period

During the second period of the project (6-month no-cost extension of Year 1),

weather precluded field work. Instead of visiting the site, measurements were performed

on site-derived samples. Key areas of progress were:

- Isolation and characterization of a phenanthrene metabolizing bacterium whose behavior

to sorbed phenanthrene mimics that of mixed populations in site-derived sediment

samples.

- Discovery that mixed populations from the field-site sediments vary in their abilities

towards metabolize sorbed phenanthrene, depending on sediment type and how the

sediments were handled. Even phenanthrene sorbed to the organic-rich seep sediment

can be metabolized. Thus, the role of physiological diversity in PAH metabolism has

been confirmed and extended.

- Initiation of an approach to measure PAH metabolism by two independent analytical

methods. This was designed to compare the fate of freshly-added and long-sorbed

naphthalene. The insights promised by this type of experiment are very significant,

but the details of PAH extraction and analysis procedures need to be improved before

success is achieved.

- Establishment of serum-bottle-HPLC-based procedures for studying anaerobic

metabolism of naphthalene. Results show that naphthalene mass balances can be

assembled and that no denitrifying naphthalene metabolism could be detected.

However, a clear oxygen limitation was demonstrated

2.0 PROCEDURES AND RESULTS

2.1 Overview

During the 12 month period that has passed since the last progress report, a variety of

procedures for measuring microbial metabolism of PAHs, and for measuring PAM

sorption reactions have been designed and implemented.

As is evident from the Table of Contents for this Report, progress in five areas have

been made.

1. The field site-derived phenanthrene-metabolizing bacterium, Sphingomonas

paucimobilis RSP1 (described briefly in the second report), has been further



characterized. The background physiological data presented here provide a sound

foundation for future work aimed at understanding relationships between the fate of
PAHs and the properties of this bacterium.

2. Investigations of microbial metabolism of sorbed PAHs have continued. These

assays use a phenomenological approach which assess the responses of mixed
cultures and pure cultures to PAHs aged for varying periods under aseptic conditions
in the presence of sediments sterilized by y-irradiation.

3. Data addressing the physiological, taxonomic, and molecular responses of soil and
sediment microorganisms to naphthalene has been obtained. This component of the
report focused on a population genetics approach to the distribution of naphthalene
metabolism genes at the coal-tar contaminated study site. A diversity of isolates

capable of metabolizing naphthalene have been isolated from 2 spatially distinct
locations at the field site (the contaminated seep area and an uncontaminated adjacent
hillside soil). The isolated bacteria have been characterized taxonomically (via a

variety of procedures including the commercial BIOLOG series of substrate utilization
tests) and genetically (by PCR amplifying and sequencing a portion of the nahAc and
nah R catabolic genes).

4. The mobility of PAHs and bacteria capable of PAH-metabolizing in site sediments

has been investigated. These data were obtained in the Fall of 1993 from a field
experiment in which an array of polyurethane foam plugs and small sterile sand bags
were installed in the seep portion of the study site. Periodically, subsets of the
originally clean sorbent materials were removed from the field site. Chemical [gas
chromatograph/mass spectrometry (GC/MS)I analyses were conducted on material

sorbed to the urethane foam and numbers of phenanthrene and naphthalene

metabolizing bacteria adhering to the sand sorbents were also assayed.

5. Development of methods for extracting DNA from sediments. This topic is concerned
with how to obtain DNA directly from environmental samples so that tools of
molecular biology can be applied to microbial communities present in field sites. The

results of this study are In ss. due to appear in the May issue of Appied ud

Environmental Myficrobiology. The manuscript is attached to this report.

NOTE: In order to maintain continuity between reports, the numbering of Tables
and Figures will continue consecutively with those in the first progress report.
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2.2 PrnertiCs of Sphingomonas paucimobilis RSPI: a phenanthrene metabolizing bacterium

2.2.1. Taxonomic identification of strain RSPl

Strain RSP1 was identified by two commercially available bacterial

identification kits: the API® Rapid NFITm and the BIOLOG GN MicroPlatenA.

The Rapid NFIm method identifies environmental isolates using a strip which

includes tests for physiological capabilities and for carbon source utilization

abilities. The BIOLOGlm system uses only carbon source utilization tests in a

colorimetric 96-well plate assay. The results of these identification methods are

shown in Table 11.

The API Rapid NFI"" kit clearly identified RSP1 as a Sphingomonas

paucimobilis strain ("good identification"). The BIOLOG•m system, on the other

hand, returned a "no identification" response when its computer database was

searched because RSP1 did not achieve a similarity score of > 0.5 (scale: 0.0 to

1.0) with any species in the database. However, a fairly high similarity score

(0.43) was observed with Sphingomonas paucimobilis B, and the next closest

match (Pseudomonas vesicular) identified with RSP1 with a similarity score of

only 0.013. Furthermore, the fatty acid profile of RSPI (data not shown)

demonstrated the presence (most notably 14:0 20H) and correct ratios of most of

the fatty acids which distinguish Sphingomonaspaucimobilis from other

pseudomonads (Stead, 1992). In light of these results, strain RSPl has been

designated Sphingoronas paucimobilis RSP1.

TABLE 11. Identification of strain RSP1 by two commercially available phenotypic assays
kits.

Commercial kit Identification Scorea

API® Rapid NFl"" Sphingomonas paucimobilis "good ID"

BIOLOG GN MicroPlate1"m Sphingomonas paucimobilis B 0.43

a See text for explanation.

In addition to being fast and easy to use, the commercial identification kits

which were employed have the advantage of providing useful physiological data

about the organism tested. The detailed results of the tests from the Rapid NFVh



10
identification of RSPI are reported in Appendix A. Carbon source utilization data
obtained from the BIOLOG MicroPlateTm are reported in Appendix B.

2.2.2. General characterization

A summary of the general characteristics of RSP1 are listed in Table 12.

RSPI exhibits the characteristics of a typical pseudomonad; it is a catalase

positive, oxidase positive, Gram negative rod. Electron microscopy of negatively

stained cells of RSPI shows that it is bipolarlv flagellated (usually one to five

flagella per pole). (Flagella can be visualized in the light microscope as well

using fluorescent antibody techniques.) The electron micrograph also showed that

RSP1 forms polyphosphate storage bodies when grown in PTYG5 medium;
these are the dark intracellular structures. They are also known as "volutin

granules", so named because these electron dense bodies appear to "volatilize" on

the electron microscope screen when penetrated by the electron beam. The lighter

stained structures within the cells may be polyhydroxyalkanoate (PHA) storage

bodies.. However, when RSPI cells were stained with a PHA specific dye,

these structures were only detected only in long, filamentous RSP 1 cells, which

begin to appear late in the log phase of growth on PTYG5.

TABLE 12. Summary of general characteristics of strain RSPI.

Characterization test Result

Gram reaction
catalase +
oxidase +
flagella +a

polyphosphate bodies +b
PHA bodies +b

Growth curve in PTYG5 •t= 2.66 hrs
indole ---> indigo +C

plasmid .A
G+C content 71%e

a Flagellation is bipolar, usually one to five flagella per pole.
b Visible in electron microscope; PHA storage bodies were detected by specific staining

only in the large, filamentous variants, which begin to appear late in the log phase of
growth.

CWell characterized blue pigmentation change caused by aromatic dioxygenase enzyme.
d No plasmid has been found using three different methods.
g Based on stefilized thermal melting processes



11

A growth curve for RSP1 in PTYG5 has been prepared. Based on plate

count results determined throughout the time course of the growth curve, RSP1

has a generation time of 2.66 hours (Table 12). Growth occurs slower in very

rich medium (e.g., LB, TSA, full strength PTYG). Growth rates on aromatic

substrates (PHN, NAil) in liquid culture is variable, but generally slow

(estimated generation times between 2 and 15 days). It should be noted that other

researchers have shown that the surface area of crystals of hydrophobic organic
compounds limits the dissolution rate (i.e., availability) of the compound, which
consequently limits growth rate. Thus, crystals were crushed as much as

possible before addition to the MSB medium for growth of RSP1.

On most solid media, RSP1 colonies are yellow, circular, entire, convex,

and smooth. On phenanthrene-supplemented minimal media (MSB-PHN) spray
plates, colonies are relatively small and exhibit a rusty brown coloring, probably

due to the accumulation of a metabolic intermediate in the phenanthrene

degradative pathway. RSPI does not have any known vitamin requirements, but
MSB media was often supplemented with a vitamin solution to promote faster

growth.

RSPI was tested for its ability to convert indole to indigo. The ability to

catalyze indigo formation from indole is a property of a nonspecific naphthalene

dioxygenase enzyme. This reaction has been reported for other dioxygenases
which were involved in aromatic hydrncarbon metabolism. The "indole to

indigo" test became a presumptive diagnostic tool for designating metabolism of

an aromatic hydrocarbon by a microorganism to follow a particular pathway

which uses a dioxygenase versus a monooxygenase. More recently, however,

the ability to convert indole to indigo has been reported for monooxygenases, as

well. Nevertheless, since the oxygenases of some aromatic hydrocarbon-

degrading microorganisms do not convert indole to indigo, this ability is

significant in that it provides another level of characterization about a new

organism.

The "indole to indigo" test was performed by placing indole crystals in the

lids of inverted petri plates of RSP1 cultures which had been growing on

phenanthrene (PHN) or naphthalene (NAP). The results are shown in Table 12.

Indigo formation from indole by RSP1 grown on PHN or NAP was seen near the

edges of the culture streaks, where growth and metabolism were probably the
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most active. When grown on NAP, PpG7, the positive control strain which

produces a naphthalene dioxygenase, showed strong indigo formation within

hours of exposure to indole. The negative control strain, E. coli B/r, which was

grown on LB medium (it cannot grow on PAHs), showed no indigo formation

from indole.

Because the ability to utilize aromatic hydrocarbons is often encoded on

large catabolic plasmids, three plasmid isolation procedures were attempted in an

effort to determine if RSP1 harbors such a plasmid. Only the method of

Anderson and McKay (1981) produced a strong plasmid band when performed

on the positive control strain, Pseudomonas putida, PpG7, which harbors the 83

kb NAH7 plasmid encoding NAP degradation. No plasmid was detected in strain

RSPI by this method. That RSP1 and PpG7 are in the same family of

microorganisms (Pseudomonaceae) and that chromosomal DNA was extracted

from both of these organisms by this method lends support to the fact that any

plasmids harbored by RSP1 should have been detected. The possibility that there

is not enough plasmid DNA to be seen may be excluded because equal volumes

of approximately equal density cultures of RSP1 and PpG7 were used, and the

NAH7 plasmid of PpG7, which, like most large catabolic plasmids, is a low copy

number plasmid, was ,asily detectable. Furthermore, a portion of the RSP1

culture used for the plasmid isolation procedure was plated onto the general

heterotrophic medium, PTYGS, immediatly before the isolation procedure was

started. A full 100% (17/17) of the RSP1 colonies which were picked and

streaked onto MSB-PHN and MSB-NAP media showed growth on each of these

media. Thus, RSP1 was not cured of the plasmid during growth on PTYG5 for

the isolation procedure. Despite these arguments, however, it can only be said

that no plasmid has been found in RSP1 by the methods employed.

Total DNA was isolated and purified from RSP1. The G+C content was

calculated to be approximately 71% based on the thermal melting curve (Table

12). This estimate may be high, however, because the E. coli standard DNA,

which is known to be about 51% G+C, was calculated to be about 58% based on

data from the same thermal vamp. In any case, it is safe to say that RSPI is GC

rich organism, with a G+C content probably between 65 and 75%. This is

important to note for possible future experiments with this organism, which might

include DNA sequencing and DNA hybridization studies/gene probing.
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2.3. Continued Investgations of Microbial Metabolism of Sorbed PAHs

As discussed extensively in the first two reports from this project, one hypothesis,

for explaining the presence of PAH compounds at our study site is reuced bioavailabilitv

through sorption reactions. The experiments described below continue a series of tests

designed to examine if the extent of microbial metabolism of naphthalene and
phenanthrene may be inversely proportional to the duration of contact time between these

PAHs and sediment sorbents.

Aging experiment #6: Phenanthrene added to seep, and sand sediments inoculated

with enriched pure cultures or unenriched sediments.

Proedures. Essentially the same procedures were followed for Experiments # 4
(Fig. 9 of 9/91-9/92 AFOSR report) and 5 (Fig. 17 of 9/92-3/93 of AFOSR report),

except only two aging periods were examined (0 and 28 days). Key variables were the

inocula (a mixture of 2 phenanthrene-degrading bacterial cultures or sand or seep

sediments). Also, special care was taken to be sure that all treatments had the same ratios
of solids to liquids. This is a challenging objective when inocula initially have very
different water contents; but the solids/liquid ratio is particularly important in efforts

examining the response and bacteria to sorption/desorption reactions.

Results. Results of the sixth aging experiment are shown in Fig. 23A-C. Panel A
shows the response of the seep sediment inoculum to aged and freshly added 14 C-

phenanthrene sorbed to low organic-matter sand from the source area and high organic-

matter seep sediment. As was found in aging Experiments #4 (9/91-9/92 AFOSR report),

and #5 (9/92-3/93 AFOSR report), the seep inoculum was unable to metabolize
phenanthrene sorbed to y-irradiated seep material. With sand as sorbent however, the

phenanthrene was metabolized. Furthermore, this metabolism was greatest for freshly
added phenanthrene and least for the aged phenanthrene/sand mixture. Thus, when the

inoculum was seep sediment that was not intentionally enriched on aqueous phase

phenanthrene, the organisms found aged phenanthrene to be less available than unaged.
This suggests that enrichment on aqueous phase PAH may not always be the key feature

in understanding the effect of aging on PAM metabolism. Alternatively, many seep
sediments may be so wet as to be physiologically predisposed towards utilization of

aqueous-phase PAis.
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Sphingomonas paucimobilis RSP1 (B) or unenriched sandy source sediment (C).
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Panel B of Fig. 23 shows the response of a mix of pure cultures phenanthrene

metabolizing bacteria, S. paucimobilis RSP1 and strain RS2A, to 14C phenanthrene as

presented in aged and unaged forms sorbed to sand and seep materials (as described for

panel A). The results are again similar to those found in Experiments #4, 5 (as previously

referenced), and 23A: (i) when the seep sediment was sorbent, no phenanthrene

mineralization was observed regardless of aging; (ii) when sand was sorbent, the

phenanthrene was mineralized - at the highest rate and greatest extent for unaged

phenanthrene (see especially, results from Experiment #4 in previous report). 7

results from the mix of pure cultures (Panel B of Fig. 23) very closely matched L of

the seep inoculum (panel A of Fig. 23). This fact is encouraging because it provides

impetus for further exploring the physiology and biochemistry of sorbed substrate

utilization by studying the effect using pure cultures. The agreement between panels A

and B also suggests that the seep-sediment inoculum was, in fact, pre-adapted toward

aqueous phase phenanthrene because pure cultures (Panel B) had been grown on

dissolved phenanthrene prior to initiating mineralization tests.

Panel C of Fig. 23 shows the response of unenriched sandy source inoculum to 14C

phenanthrene as presented in aged and unaged forms sorbed to sand and seep materials.

The results are similar to those of panels A and B, and data from previous experiments #4

and #5, but there are also some important differences.

(i) Unlike results in Fig. 17 (Expt. #5), but identical to Fig. 9 (Expt. #4), the sand

inoculum failed to metabolize phenanthrene sorbed to the seep sediment. This

inconsistency is difficult to understand but may be attributed to either spatial/temporal

variation in the inoculum itself or, perhaps more likely, to the difference in amount of

sand inoculum added to experiments reported in Figs. 17 and 23. In the former, the large

inoculum/sorbent ratio (1:2.5) may have allowed re-equilibration of seep-sorbed

phenanthrene from "unavailable" sites on the organic-rich seep to "available' sites on the

sand. This shift may not have been possible in the experiment contributing to Fig 6 in

which the inoculum to sorbent ratio was (1:6).

(ii) When the sand was sorbent, phenanthrene was metabolized at virtually identical

rates and extents regardless of the aging treatment. To interpret why the sand-derived

inoculum utilized the aged and unaged sand-sorbed phenanthrene equally well, requires

postulating properties about the inoculum which are uncertain. In comparing panels A

and C of Fig. 23 for instance, it is clear that the seep inoculum and sand inoculum

responded differently to the aged materials. The explanation may rest in particular

microorganisms present in one sediment but not the other or their physiological
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predisposition to aqueous vs. sorbed PAHs.... but presently, we cannot distinguish

between these or any other possible explanations.

Agine Exoeriment #7: An examination of diauxy, toxicity, and sorptive properties

induced by y-irradiation.

•cdures. Several different approaches to mineralization experiments were carried
out to further explore lack of phenanthrene metabolism that has been documented above
when y-irradiated seep sediments were used as sorbent. The idea was to investigate
whether or not this lack of metabolism was due to (a) a diauxic effect: production of

readily utilizable organic compounds (through rirradiation) that may be preferentially

metabolized by the inocula (Fig. 24A); (b) a toxicity effect; production of toxic
compounds that may prevent metabolism (Fig. 24B); (c) some other y-irradiation-induced

property of the seep; (Figs. 24C, D).

Re£suls. To investigate a possible diauxic effect in y-irradiated seep sediments, 14 C

phenanthrene was added to fresh seep sediment with and without addition of 10 ppm
glucose (a strong inducer of catabolite repression, hence diauxy). Cumulative 14CO2

production (panel A) showed that the glucose had no effect. Thus, we conclude that lack
of phenanthrene metabolism in the presence of y-irradiated seep was not due to diauxy.

To examine possible toxin production by y-irradiation, we used strain RSPI in a

bioassay in which 14CO2 production from 14C-glucose was monitored after the cells
were added to 7.irradiated seep sediment. As is apparent in Panel B of Fig. 24, there was
not even a lag in glucose mineralization, which was quite extensive. Thus, the y-

irradiated seep did not contain general metabolic inhibitors.

To reaffirm that the protection of phenanthrene (lack of mineralization) observed
when y-irradiated seep was used as sorbent (see Figs. in earlier reports), we monitored
14002 produced from 14 C-phenanthrene added to 3.5 g fresh, nonsterile seep material

and to 1.5 y7irradiated sorbent inoculated with 0.5 g of fresh nonsterile seep sediment.
Results of 14CO2 produced by these treatments appear in Panel C of Fig. 24. The nony-
irradiated seep sediment rapidly mineralized the 14 C phenanthrene; however, the y-
irradiated material failed to do so. In light of results shown in Panels A and B of Fig. 24,
this lack of phenanthrene metabolism when in contact with "irradiated seep, must be

attributed to sorption reactions. The weakness of studying this phenomenon, however, is
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its possible irrelevance to our field site(sediments there are not y-irradiated). To further

examine this phenomenon of phenanthrene being protected from microbial attack, we
postulated that a mixture of -irnadiated sediment would lead to inhibition of
mineralization. In panel D of Fig. 24, 14CO2 production from 14C-phenanthrene is
reported from a mixture of 3 g fresh seep material (plus accompanying microorganisms)
with 0.25 g of y-irradiated sterile seep, and with an additional inoculum of strain RSP1.

As a control in this experiment, the RSP1 inoculum was also added to 14 C phenantbrene
mixed with a sorbent consisting entirely of t-irradiated seep. Data in Panel D of Fig. 24

show again that phenanthrene is rendered unavailable to RSPI when the sorbent was y-
irradiated seep. Furthermore, with a ratio of 0.25 g I-irradiated seep to 3 g non irradiated
seep, mineralization occurred - but to a far lesser degree (see vertical scale of %
mineralization axis) than would be expected for unimpaired phenanthrene metabolism by
RSP1 (see Figs. 17 and 23).

Summary of Aginf_/Bioavailabilitv Experiments.

The impetus for attempting to understand relationships between sorption reactions
and PAH mineralization has been from two related issues. First, because we are
concerned with the possibility of exploiting microbial processes for eliminating

contaminants from soils, sediments, and ground water, we need tools for predicting the
extent of PAH metabolism in contexts where sorption occurs. We need to know the
degree to which sorption reactions govern biological reactions. The second motivation is
derived from a need to understand our own assay procedures. Wherever 14C-labeled
compounds are used in our laboratory experiments, these compounds are necessarily
"freshly added". In interpreting the results of such tests, we need to know if the data can

be extrapolated to the entire pool of contaminants (both recently sorbed and long sorbed).

Have data from Experiments 1-7, as summarized here and in Table 13, answered the
above questions? Alas, we cautiously reply "not yet", because rather than black and white
results, we have discovered areas of gray. Key points follow:

(1) Without a doubt, sorption reactions affect microbial metabolism of PAHs. For

instance, in Experiment #3, when the only variabie distinguishing different treatments
was duration of contact between naphthalene and both sand and seep sorbents, the extent
of naphthalene mineralization was related inversely to that contact time.
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Likewise, in Experments #4, 5, 6, and 7, complete inhibition of phenanthrene

metabolism was seen when the sorbent was y-irradiated seep. We concluded that this

occurred as a result of sorption reactions by testing the alternative hypotheses of diauxy

and toxicity.

Furthermore, in all of the aging/bioavailability experiments examining phenanthrene
metabolism, the aged materials inoculated with pure cultures and seep inocula
metabolized aged phenanthrene to a lesser degree than the freshly-added substrate.
Exceptions both to protection by the seep (as sorbent) and to reduced metabolism of aged
material, were consistently found with inocula derived from sandy source sediments.

(2) Despite the qualitative findings in point 1 (above), explanations providing

predictive power about sorption and PAH metabolism have been evasive. Reasons for
our inability to find definitive answers probably lie in limitations of our methodologies.
Field samples from Site 24 sediments must be used in our studies to guarantee relevance;
however, the samples are heterogeneous and contain unknown mixtures of microbial

populations. Unifying concepts such as "enrichment for aqueous phase PAis should
produce populations unable to metabolize sorbed PAHs" make sense in "explaining" why
aging had a strong effect on naphthalene metabolism in Experiments #3 and #2. This
enrichment effect also helped to "explain" metabolism of phenanthrene by seep sediments

in Experiment #4. However, when phenanthrene metabolism was further scrutinized in
later experiments, the concept broke down. In Experiments #5 and #6, sediment inocula
were "unenriched" (i.e., added to the mineralization vials without prior addition of water
and phenanthrene in a way that might favor metabolism of aqueous-phase phenanthrene).

Therefore, these unenriched sediments should have been indifferent to sorbed vs.
aqueous-phase phenanthrene. But instead, the aging effect was seen for the seep

inoculum, but not the sand inoculum. We can only explain this by evoking differences in
the microbial communities of the two inocula and uncertainties about our ability to

presume anything about how to assure a microbial community's predisposition toward
sorbed PAis. The beauty of utilizing pure cultures is an ability to control their previous
history. Thus, with cultures grown on dissolved-phase phenanthrene, (Experiments #5,
and #6), an aging effect was consistently seen. This is encouraging.

(3) In recognition of the importance of methods, it may be prudent to point out that y-

irradiation of sediments, performed to eliminate background microbial populations, was
only one of several possible strategies to examine the Aging/Bioavailability Hypothesis.
We chose this approach for good reasons. However, the finding that 14 C-phenanthrene is
available for metabolism when added to nonsterile seep, but not -irradiated seep is
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disconcerting, because it implies that the information gathered suffered from experimental

artifacts. This is true, but the information obtained still provides insights into

sorption/bioavailability mechanisms. Should this project be renewed in Lhe future, other

(non y-irradiation) approaches for examining aging/biodegradation relationships can be

explored and contrasted with the data presented here.

2.4. Physiological Taxonomic. and Molecular Responses of Soil and Sediment Microbial

Communities to Coal-Tar Contaminants

The response of naturally occurring microbial communities at our coal-tar-

contaminated field site was explored using a variety of field, microbiological, and
molecular methods. The overall scope for this portion of the investigation is as follows:

1. Based on proximity to the groundwater contaminant plume we identified soil and

sediment microbial communities that either were or were not exposed to high

naphthalene concentrations hence were not adapted to metabolize naphthalene.

2. That degree of adaptation was measured (and defined) using lag time prior to onset of
14CCYz production by soil or sediment samples amended with 14C-naphthalene. The

locations identified for in-depth study were seep sediments (adapted) and an adjacent

hillside soil (unadapted).

3. Naphthalene degrading bacterial isolates were obtained from both seep and hillside

samples in a manner designed to reflect in situ proportions of the isolated members of
microbial community. A total of 41 isolates were obtained, 19 from the seep and 22

from the hillside.

4. In addition to showing that the isolated bacteria grew on naphthalene (i.e., produced
14CO2 from 14naphthalene and produced large colonies on agar media when

naphthalene was provided as a carbon source), each was characterized and classified

using standard microbiological procedures (Gram stain, catalase test, oxidase test)

and commercial bacterial identification kits (BIOLOG and API-NFT).

5. Isolates are being characterized using molecular procedures, as well. Methods utilized

include using the polymerase chain reaction (PCR) to amplify nahAc (the gene

encoding naphthalene dioxygenase, the first enzyme in naphthalene catabolism) and

nahR (encoding the positive regulatory protein), dot-blot hybridization with a nahAc

gene probe, and sequencing of nahAc.
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6. Implementing this overall strategy will constitute a Ph.D. thesis, being completed by

James B. Herrick. The principal goal of the thesis is to gain new insights into the

response of naturally occurring microbial communities to PAH contaminants can be

obtained using rigorous application of a variety of conventional and molecular

procedures.
Htthods

Sample selection and characterization. Sampling was done at two sites in the seep

area. One sample was taken aseptically from saturated sediments approximately 10 cm
below the -urface and immediately within the contaminated portion of the seep. The other

was taken from moist soil at approximately 2 cm depth and approximately one meter from
the first and uphill in a direction opposite the contaminated plume source. Soil and

sediment samples were tested for mineralization of 14C-labeled naphthalene as previously

described. Preparation and counting of total bacteria by fluorescent direct counting were

also done routinely in our laboratory. For dilution plating, 10 grams of each sample were

suspended in 90 ml. of sodium pyrophosphate, further diluted in potassium phosphate

buffer and plated in three replicates per dilution on Difco R2A medium (for total counts)

and on Stanier's Mineral Salts B (MSB) medium (for naphthalene bacteria counts and
isolation). Naphthalene was supplied as vapor. Viable counts were determined and

colonies sampled for isolation after 72 hours growth at 220 C. Samples were tested for

14 C-naphthalene mineralization, fixed for microscopic direct counts, and dilution-plated
within 24 hours of sampling.

Strain isolation a characterization. For each sample, 30 colonies greater then I mm

in diameter were sampled randomly from one replicate plate having between 30 and 200

well-defined colonies. These were purified on MSB plates + naphthalene vapor and

checked for purity on complete medium (5% PTYG) plates. Presumptive growth on

naphthalene was determined by plating on MSB with and without naphthalene vapor.

Metabolism of naphthalene was confirmed by assaying 14C-naphthalene mineralization in

sealed flasks. Gram stain and KOH, catalase, and oxidase tests were carried out on each

isolate using standard methods. Two kits for bacterial identification, API-NFT and

BIOLOG, were employed according to the manufacturers' instructions. Cluster analysis

was performed using the BIOLOG program MLClust. Conversion of indole to indigo, an

insoluble blue dye, was used as a presumptive assay of dioxygenase activity. Strains

were grown on MSB + naphthalene at room temperature for six days, then incubated in
the presence of indole, supplied as vapor. Any blue color in colonies after 9 1/2 hours

was scored as positive. Results were identical after 24 hours.
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DNA hybridization. Digoxigenin labeling of the nahAc probe was carried out as has

been previously described [Herrick. et al., 1993 Appl. Environ. Microbiol. 59:687-694].
Total genomic DNA was extracted from pure cultures using standard methods. 5 p~g
DNA from each isolate was denatured in 0.1 volume of 4M NaOH/0. I M Sodium EDTA.

It was then dot-blotted onto an MSI Magna Graph nylon membrane and oven-baked

according to the manufacturer's instructions. Prehybridization and hybridization

conditions were as described by Boehringer-Mannheim. Blots were washed 2 times, 5

minutes each at room temperature in 2X wash buffer (2X SSC + 0.1% SDS) and again 2
times, 15 minutes each at 60" C in 0.5X wash buffer (0.5X SSC + 0.1% SDS: ca. 25%

mismatch), at 65" in 0.25X wash buffer (ca. 15% mismatch), or at 65" in 0.1X wash

buffer (ca. 8% mismatch). Percent mismatch was calculated using the method of
Meinkoth and Wahl. Bound probe was detected by chemiluminescent exposure of X-ray

film according to the manufacturer's instructions.

Sample characterization and mineralization

Two samples were collected for comparative studies on naphthalene degrading

bacterial guilds, one from the contaminated seep itself and one from surface soil
approximately one meter distant and slightly uphill in a direction opposite the

contaminated plume source. Each sample was tested for the ability of its microflora to

mineralize 14C-labeled naphthalene in sealed flasks. As was noted in previous studies in

our laboratory, the contaminated seep sediment rapidly mineralized naphthalene without a
lag phase (Fig. 25). Mineralization by the hillside soil, on the other hand, exhibited a
very slow increase over the course of the experiment. Very similarly-shaped curves were

also observed for two other samples taken from presumably uncontaminated seep

sediments near the contaminated seep (datw not shown). Mineralization curves for 14C-
labeled p-hydroxybenzoate on the other hand, a compound easily metabolizable by many
heterotrophic bacteria, were equivalent for all samples (not shown). Also, total counts

and viable counts of bacteria from the samples were equivalent (Table 14). Thus,

differences in mineralization observed for previously-exposed and -unexposed samples

were not due to differences in total or total viable bacteria, nor to differences in aromatic
metabolic activity. Both previously exposed and unexposed samples harbor native

naphthalene-degrading microbes. Naphthalene guilds from contaminated and
uncontaminated samples show very different responses to added naphthalene, however,
indicating differences in the degree and possibly the manner of previous adaptation to the

compound.
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Figure 25. Naphthalene mineralization by seep and hillside samples.

TABLE 14. BACTERIAL COUNTS OF SAMPLES USED IN THIS STUDY.

Sample AODC Total CFU
Designation (.gdw -1)a (- SD) . gdw -1

Seep sediment 4.98- 109 1.6 (± 0.3)• 106

Hillside soil 3.37. 109 1.7 (±0.5), 106

aMean of two smears, 15 fields counted per smear.

Characterization and taxonomic structure of naphthalene-degrading guilds.

In order to further examine, on the organismal and genetic levels, the naphthalene-
degrading bacterial guilds at the study site, individual bacteria were randomly isolated
and purified from the seep and hillside samples. Samples were diluted and plated directly

onto minimal medium under naphthalene vapor in an attempt to avoid bias due to prior

enrichment and thus to identify the numerically dominant culturable naphthalene-
degrading bacteria. Twenty purified isolates from the contaminated seep and 23 from the

hillside soil were chosen based solely on differences in growth on plates with and
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without naphthalene vapor. Of these, 19 seep and 22 hillside isolates were able to fully

mineralize 14 C-naphthalene to 14CO2 in sealed flasks after three days. These isolates

were subsequently characterized and identified using standard microbiological methods

and the test kits API-NFT and BIOLOG (Table 15).

Although the API test provides useful additional metabolic information, such as

isolates' capability to respire using nitrate and nitrite or to ferment glucose, it can be seen

from Table 15 that the BIOLOG system was far more successful in identifying isolates.

Identified isolates from the hillside sample were primarily Gram-negative, oxidase

negative rods of the species Burkholderia (formerly Pseudomonas) gladioli and the

related species Pseudomonas glathei. These species are known primarily as plant

pathogens and have not, to our knowledge, previously been identified as degraders of

polycyclic aromatic hydrocarbons. They are members of the 0-proteobacteria, a group

widely-divergent from the y-proteobacteria containing the type naphthalene-degrading

strain Pseudomonas putida G7 and the other well-known ("true" or Type I

Pseudomonas) naphthalene-degrading taxa. Type I pseudomonads, notably P. purda and
P.fluorescens, were heavily represented among the seep isolates, however, as well as (3-

proteobacteria such as A. faecalis and S. mizuraii. Notable, also, is the presence among

the seep isolates of the Gram-positive Micrococcus diversus.

The contaminated seep isolates represent a taxonomically more diverse group than do

the uncontaminated hillside isolates. This is represented graphically in Figure 26. Cluster

analysis based on BIOLOG carbon source utilization by each isolate shows that, within
the seep isolates, there are at least four major groupings, one representing the classical 7y-

proteobacterial Type I P. putida and P.fluorescens species, another solely by P.

corrugata Cg7, a third by the I3-proteobacterium A.faecalis Cgl 1 and its possible relative

Cg4, and the fourth grouping by the Gram-positive M. diversus Cg3 and Cgl8. Another

group, not shown on the figure, is represented by the newly-identified Sphingobacterium

mizutaii Cg2I, a member of the a-proteobacteria.

Exploring the genetic basis of naphthalene mineralization

When the isolates shown in Fig. 26 were examined for PCR-detectable genes in

naphthalene metabolism (nah R and nahAc), none of the isolates contained the regulatory

gene (nahR) (Fig. 27). Furthermore, none of the hillside isolates contained the structural

gene (nahA) (Fig. 27).

The gene distribution data in Fig. 27 represents small scale genetic biogeography. A

selective pressure at the field site (coal tar contamination) has altered the native microbial

community in a variety of ways. By using the PCR to attempt to amplify 2 genes known
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TABLE 15. CHARACTERIZATION AND IDENTIFICATION OF NAPHTHALENE-MNERALING BACTERIAL ISOLATES

Number Source Gram Stain/ Oxidase API-NFT I.D. % idb T indexc BIOLOG I.D.
Morphology (closest taxon)a,,

Cg I Seep neg. rod + Ps. puida 99.7 0.98 Pseudomonas puda 0.79
Cg2 Seep neg. rod + Pseudomonas. sp. Ps.fluorescens 0.67

(aumofiens) (82.2) (0.85)
Cg3 Seep pos. rod NNDd ND ND Micrococcus diversus 0.739
Cg4 Seep neg. rod + No I.D. ND ND No I.D. (Ps.fluorescenssE 0.41)
Cg5 Seep neg. rod + Pseud. sp. (70.4) (T=0.79) Ps. fluorescens B 0.51

(fluorescens)
Cg6 Seep neg. rod - ND ND No I.D.
Cg7 Seep neg. rod + No I.D. Ps. corrugata 0.51
Cg8 Seep neg. rod + No I.D. Ps. fluorescens B 0.50
Cg9 Seep neg. rod + No I.D. Ps.fluorescens B 0.67
Cgl 1 Seep neg. rod + Ps. picketi Alcaligenesfaecalis 0.53
Cgl2 Seep neg. rod + No I.D. Pseud. sp. (putida B 0.46)
Cgl3 Seep pos. rod - ND NDe
Cg14 Seep pos. rod - ND Me
Cgl5 Seep neg. rod + Ps. picketii Pseud. fluorescens E 0.681
Cgl6 Seep neg. rod + No I.D. Pseud. corrugata 0.530
Cgl7 Seep neg. rod + No I.D. No I.D.
Cgl8 Seep pos. rod - ND Micrococcus diversus 0.703
Cg2O Seep pos. rod - ND Me
Cg2l Seep neg. rod - Sphingomonas Sphingobacterium mizuu&ii

paucimobilis 0.683
Hgl Hillside neg. rod - No I.D. No I.D.
Hg2 Hillside neg. rod - No I.D. No I.D. (Ps. glathei 0.472)
Hg3 Hillside neg. rod - No I.D. Pseudomonas glathdei 0.575
Hg4 Hillside neg. rod No I.D. Ps. glathei 0.507
Hg5 Hillside neg. rod - No I.D. Ps. glarhei 0.523
Hg6 IHllside neg. rod - Pseud. sp. No I.D.
Hg7 Hillside neg. coccus - No I.D. ND
Hg8 Hillside neg. rod - Psend. sp. Burkholderia gladioki 0.54
Hg9 Hillside neg. rod - Pseud. sp. Burk. sp. (gladioli OA5)
HglO Hillside neg. rod - Pseud. sp. Burk. gladioli 0.596
HglI Hillside neg. rod - No I.D. No I.D.
Hgl2 HIllside neg. rod - Pseud. sp. No I.D. (Ps. gladioli 0.34)
Hgl3 Hillside neg. rod - No I.D. Burk. sp. (gladioli 0.40)
Hgl4 Hdilside neg. rod - No I.D. No I.D.
Hgl5 Hfillside neg. rod - No I.D. No I.D. (Ps. fluoresceas A 0.36)
HgI6 Hillside neg. rod - No I.D. No I.D. (Ps. glathei 0.21)
Hgl7 Hilside neg. rod Pseud. sp. Burk. gladioli 0.52
Hgl8 Hillside neg. rod + No I.D. Ps. glathei 0.502
Hgl9 Hillside neg. rod - Paued/a No I.D. (Ps. glathei 0.486)

haemolydca
HG20 Hillside neg. rod - No I.D. Xanthomonas ma/tophilia 0.752
H-021 Hfillside neg. rod - No L.D. No I.D.
H022 lsde nee rod - Pseud. so. Bu. Rladz, 0io.562
a Names in parentheses indicate the species within the identified genus with the highest % id value.
b An estimate of how closely the isolates profile corresponds to the prposed taxon relative to all other taxa in the API-NFr

dwta base. This value mnages between 0 and 100. An "acceptable" identification, as defined by the manufactum, is one with
a % id a 80.0. Values in parentheses are those for the closest species given for an identified genus.

c Measure of the isolates proximity to the most typical profile in each taxon. The value of T varies between 0 and 1. Values
in parentheses are those for the closest species given for an identified genus.

d ND= not detarmid
T These Grm-xpositive isolates are similar, based on colony morphology and color, cell morphology, and DNA
fingerprinting, to Cg3 and Cgl8, both identified by BIOLOG as Micrococcus diversus.
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Seep Isolates
Ps. corumga Cg7

Ps. pwida CgI

Ps. fluorescens B Cg5

Pseudonmos sp. Cg12

Ps. fluorescens B Cg2

Ps. fluorescens B Cg9

Ps. fluorescens B Cg8

Oxidase pos.. Gin. neg. rod Cg4

Aksaigenesfhecaiis Cgl 1

-------..........-.-..... Microacoccus divmus Cg3, Cgl8

Hillside Isolates Oxidas neg., Gin. neg. rod HG6

Bu. gladeoli HG10

Sw*Iaoldeia sp. HG13

Bu. gladeoli HGI7

Oxidase neg., Gin. neg. rod HG12

&wokvia sp. HG9

Bu. gladecli HG8

Oxidase neg., Gin. neg. rod HGI5

Oxidm neg., Gm. neg. rod HGI6

Figure 26. Cluster analysis based on BIOLOG carbon source utilization pter of selected

naphthalene mineralization isolates.
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Seep Isolates U
Ps. corr Cg7 Yes No

Ps. psuCgl Yes No

Ps.flC&5 Yes No

Ps. sp. Cg12 Yes No

Ps.flCg2 Yes No

Ps. fl Cg9 Yes No

Ps. fl cg8 Yes No

Gai- rod Cg4 Yes No

AL.JfbCgll Yes No

- Am. dlv Cgm,8 No No

Hillside Isolates Gm- rod Hg6 No No

Bua. gla HSIO No No

Bu. sp. Hg13 No No

Baa. ga Hgl7 No No

Gin- rod Hgl2 No No

Bu.5p. Hg No No

Bu. gla HgS No No

Gmm- rod Hlg5 No No

Ga- mad Hgl6 No No

Figure 27. Distibuton of PMR De table nah genes among naphthalene-mimealizing isolats.
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to be important in laboratory naphthalene metabolizing strains, we arm exploring the

genetic diversity of naphthalene metabolism that is carried out by a real-world microbial

community in the field. Although the polymerase chain reaction (PCR) assay used here

has certain limitations (i.e., specificities and idiosyncrasies implicit in primer design and

amplification conditions, especially stringency), the contrast between genetic

characteristics among the bacteria isolated in this study and between these and the

laboratory type strain (P. punda Pp67, supplying the base pair sequence information) is

striking.

Additional experiments exploring the details of how and why genetic catabolic

variation has developed at our study site are in progress.

1. Naphthalene-degrading isolates from the contaminated sediment and from the

uncontaminated soil represent two very different taxonomic groups, with different

patterns of nah gene amplifiability.
2. The presence at the site of homologs to the type PpG7 naphthalene dioxygenase gene

nahAc suggests that genes closely related by descent to those of the type strain are

involved in naphthalene catabolism in actual field situations.

3. Lack of amplifiability of genes in site-derived isolates using PpG7 PCR primers and

conditions has been found. This may be caused by a variety of mechanisms including

gene sequence divergence or functional convergence of alternate pathways.

Experiments exploring these issues are in progress.

2.5. Mobility of PAHs and Bacteria Capable of PAIl Metabolism in Sediments

In order to investigate the degree to which organic contaminants and bacteria capable

of contaminant metabolism are mobile in the seep area of the study site, a field experiment

was implemented. The overall approach was to insert sorbents into the organic rich

sediments and periodically remove them for both microbiological and chemical analysis.

The sorbents utilized were clean, sterilized polyurethane foam enclosed in fiberglass

mesh (for PAIl sorption) and 2-g portions of sterilized site-derived sand, also enclosed in

fiberglass packets (for sorption of microorganisms). The experimental design placed 20

of each of these sorbents into the sediments to depths of 3 cm. The sorbents were

inserted (in 4x5 arrays) along the flow path of water as it exits the seep area and flowed

toward the nearby surface stram and distant river. Periodically, at approximately weekly

intervals, the four replicates of the sorbents were removed from the sediment using a

randomized design and subjected to extraction and chemical analysis (foam sorbents) or
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microbiological analysis (sand sorbent). To minimize sampling artifacts, within minutes

after removal from sediments, the foam sorbents were aseptically unwrapped, freed of

excess water (by squeezing), placed into Teflon sealed vials and an extractant (1:1

acetone hexanes) was added. Later in the laboratory, GC/mass spectral analysis was

completed.

After removal from the site, the sand sorbents were processed by aseptically
transferring the sand packets to sterile plastic bags and then keeping the samples at 40C.

Dilution and plating of the microorganisms colonizing the sand occurred back in the

laboratory within 24 h using a general heterotrophic media (PTYG) and PAH-specific

media (mineral salts + naphthalene and mineral salts + phenanthrene).

Reults of the field mobility experiments are presented in Figs. 28 and 29. both

naphthalene and phenanthrene-utilizing bacteria were mobile and reached peak titers of

104 and 103.3, respectively within 11 days of sorbent insertion into the sediment (Fig.

28). These data unquestionably reveal that heterourohs, including PAH-metabolizing

bacteria, are present in the water and sediment at the field site. Initially sterile sand was

colonized on Day 0 after a 1 min immersion in the sediment. Furthermore, the numbers

of heterotrophs occupying the sandy sorbent changed with time of sampling.

This experiment was designed to assess "colonization" i.e., the dynamic changes in

components of the microbial community over time. These changes were brought about by

the transport of microorganisms into the two grams of sorbent and/or by the subsequent

growth of the microorganisms. But the sampling methodology could not easily

distinguish these two mechanisms of change from one another. The population shifts

shown in Fig. 28 may be due to a major colonization event at t = 0 followed by

subsequent transport and growth related population changes.

The degree to which population shifts in Fig. 28 were caused simply by

instantaneous equilibration with the surrounding sediment versus growth and accrual on
the initially sterile sorbent can be assessed by comparing the numbers of bacteria retrieved

from the sterile sorbent to the number of bacteria retrieved from the site sediments at each

sampling time. In panels A and B of Fig. 28, the initial bacterial numbers in the sediment

were between 1.6 and 2.5 log units higher in the sediment than in the briefly immersed

sand sorbent. Then, over the next two sampling periods, numbers increase

asymmetrically in the sand sorbents towards those in the surrounding sediment. Thus,

for general heterotrophs (panel A) and naphthalene metabolizing bacteria (panel B) the

data suggest that gradual colonization and changes occurred on the initially sterile
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Figure 28. Numbers of naphthalene-, phenanthrene-, and MTG (a general heterotrophic
tnedium)-degrading bacteria retrieved at various times fromn initially sterile sand

sensinserted into the seep study area Fall 1993. Each type of bacteria was
e -nomrtd after aseptic serial dilution and plating onto agar media containing each
resectvecarbon source.

Panel A shows bacterial numbers from bulk sediment (single unreplicated sample)
and sand sorbent (4 replicate samples) growth on PTYG media.
Panel B shows bacterial numbers from bulk sediment (single unreplicated sample)
and sand sorbent (4 replicate samples) growth on naphthalene.
Panel C shows bacterial numbers from bulk sediment (single unreplicated sample)
and sand sorbent (4 replicate samples) growth on phenanthrene.



34
sorbent. By contrast, for phenanthrene metabolizing bacteria (whose numbers were 3 and
I order of magnitude lower than those from PTYG and naphthalene media, respectively),

there was no distinguishable difference between bacterial numbers in bulk sediment

versus those retrieved from the sand sorbent (panel C). Thus, the data shown in panel C
do not argue for dynamic successional population shifts within an initially sterile
microhabitat. Instead of accrual and growth of phenanthrene-utilizing bacteria on the

sorbent; the population shifts seem to appear to simply reflect act simply an instantaneous
equilibration with the ambient water and sediment.

Fig. 29 displays the results of chemical analyses performed on the foam sorbents
installed in the seep area and later analyzed by gas chromatographs/mass spectrometry.

The eight compounds shown were selected because of their relatively high abundance and
consistent appearance in chromatograms. The initially clean polyurethane foam plugs
were immersed in saturated sediments, then after periods ranging from 5 minutes to 23
days analyses were performed. Interpreting the data in Fig. 29 requires the same

vigilance used to interpret data in Fig. 28.

Processes reflected in the contaminant retrieval data in Fig. 29 include
sorption/desorption reactions, aqueous phase transport, filtration of colloids into the foam

sorbent, and microbial metabolism of the compounds sampled by the foam. With the

exception of data describing 3 Nitro- 1,2-dicarboxynaphthalene, all compounds were
initially at very low concentrations. This implies that, unlike the microbial colonization

experiments described above, the foam sorbents did not instantaneously equilibrate with
their surroundings. In other words after initial insertion into the site sediments, the
subsequent changes in concentration of the compounds reflected in situ sorption,
transport and biodegradation dynamics. Seven of the eight compounds did not simply
accrue in the foam sorbent (for uncertain reasons the exception was 3,-nitro- 1,2-
dirarboxybenzene). Instead, a maximum concentration was found on day 15 followed by
a slow decline in concentration by day 23. The reason for the decline in concentration

was uncertain. However, both leaching of the materials, microbial metabolism, and/or a

shift in the relative rates of loss versus accrual mechanisms may be responsible.

Summiar of Mobility Exaridmnts

The impetus for inserting sorbents for microbial cells and organic contaminants into
the field site sediments was to ascertain how dynamic these key components are at the

site. The ambient concentrations of contaminants and cells in the sediments reflect a
balac of mechanisms that add (via transport, sorption, cell growth) and remove (via

trnmspwt, desorption, biodegradation, cell death) the chemicals. Although the intmactions
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Figure 29. Concentrations of coal tar-derived compounds retrieved fiom polyurethane foam sorbents

inserted into the seep study area Fall 1993. Each point represents the average of 3 or 4 replicate
samples. Compounds are analyzed by gas chroatography/mass spectrometry. Audhentic
standards were not available for all compounds therefore, absolute concenuations were not
ascem aned. Instead, the arbitrary units of chromatogram peak areas are displayed along the
vertical axes.
TOP - concentrations; of naphthalene, 2 methylnaphithlene, I methyl, 2 cyclopronyl, benzene,
and 3 nitro-1,2dicarboxybenzene
BOttom= Concenratidons; of indene, 1,2,3-trimethylbenzene, 1, ethyl-2, methylbeazene, and
2,3-dihydro-4 methyl-1IH indene.
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of these processes may be complex and difficult to discern, the procedures used to
implement this initial inquiry were straight forward and insightful. Principle conclusions
arm:

1. Contaminant metabolizing heterotrophic microorganisms indigenous to the field site
are mobile, capable of colonizing initially sterile sand, and vary in abundance over

time.

2. Naphthalene metabolizing bacteria occur at a density of 104/g, compared to 103 for

phenanthrene degraders. These abundances of the respective bacteria are consistent

with the relatively high solubility and concentration of naphthalene at the site.

3. Eight naphthalene, indene, or benzene derivatives were consistently identified by

GCIMS analysis following extraction from foam sorbents inserted into the seep area

at the study site.

4. The concentrations of seven of the eight compounds mentioned under point #3,
increased during a 15 day period and the gradually declined. The reason(s) for this

pattern is uncertain, but may reflect a combination of contaminant mobility, solubility,

water flow events, and biodegradation.

2.6. Development of Methods for Extracting and Analyzing DNA From Sediments

The appended manuscript entitled "Quantitative Cell Lysis of Indigenous
Microorganisms and Rapid Extraction of Microbial DNA From Sediments" has been
accepted and will appear in the May 1994 issue of App1ied and EnvironmentaI

3.0 FuTuRE PLANS

During the next funding period for this project, we will continue to build on existing

results and test hypotheses aimed at explaining the persistence of PAHs at our study site.

- Experiments examining the behavior of Pseudomonas paucimobilis RSP1 and its

metabolism of phenanthrene will continue. Microscopic examination of sediment-cell

substrate interactions may be explored.

- Experiments testing the Sorption/Bioavailability hypothesis will continue.

- Experiments exploring the genetic diversity of naphthalene metabolism among site-

derived bacteria will continue.

- During the Summer of 1994, additional field experiments will be implemented.



APPENDIX I

APFLun AND ENV!OnfavAL MICROIOW;Gy. Mav 1994. p. LX4O VoL 60. No. 5
)099-2240/%W.0400+0

Copyright 0 1994. American Socity for Microbtioaoy

Quantitative Cell Lysis of Indigenous Microorganisms and
Rapid Extraction of Microbial DNA from Sediment

MARGRT 1. MORP. MARGARIDA C. SILVA. JAhMS B. HERRICK.
WUILAM C. GHIORSE AND EUGENE L MADSENO

Secumo of Microbiolov, CornelL Unawerms, IthAca New York

Rweived 20 December 1993/Aonpmd 9 Mardis 1994

This study eapeea inpreveseuss in twe of the key stmep, lysis of iadigmooes calik and DNA p~unicatulem,
required for achievinig a rapid eaniemsive pnetecei, hr extracting aundel acids directyfroms sodijm dudayq
salbe (SDS)-treetedi organica rich sedlmemu. Incoarporation ef bead-mill hanemagsizatio into the DNA
extraction precedure dosibled, the d sI I I Wtdmlly determinead DNA Yiel (11.8 Pg of DNA g of ceilnair dry
weight -A) . ed.iv to iacurporstleo of three cycles of framig sa duthwing (5.2 Pg at DNA -g of edlulal dry
weight-'). Theismprove DNA attraciones desnwins attributed to lnrammd cell lysis measuerd by viable
counitseofsedhos .imosacragaismsawhich slamewedtat2 and 3%,rexspct&el, suivedthebead-mil

-amgmeniletm a"d frema..aaw precedmurs Coaespoedlag inaeswrsueem of saspeeine at vi"bl Bscl.
endospoers deuesistratodWta 2 and 94% of the initial numuber survived. Conventional, laser scannngsu

epheusenephase-cosatrast and diffmireuhl - I -emsiiresecp" OffaledM ta" sMUl CernId
bacterial calls (L2 to 063 pan long) waon left linact after comubined SDS and bead-milil homsegueietulst of
sedami samples. Estionalm of th e midmal, fraction of the fluesrescmil stained cell snubers lndicoaed dtha
6% (2.2 x UP' calls -g of celular dry welgh') of the Orighinl populatlen (3. X 10' aft seC of ceblhl dry
weight- 1)remtained sawe SMS and bead-mflD hoegegmniztlema. Thus, lysis; of total cells was less melsat them
duthat edlls which camid be cultured. The attracted DNA was used to siscaessell ampllfn sA*, the srguatos
gue 1w uapktalmý casabelesi Pels eenhmse pselG7, by PC3DBy scabs dowsthemaseseof soill
to e.Sg end by using gel purlflatlem and SplinBlad DNA purcalotle cartridges, the ima required to m
DNA fto whale sedleef sasepla was reduced ta 2 h.

Microbial ecologists systematicists. and popu~lation ponets- criteria for complete extraction of DNA or RxA from naive
cists have become increasingly interested in methods for soal and sediment communities been established
comnplete, unbiased isolation of DNA (7,9,1M,16.29,30) and Procedures for kysis of microbial cells in sods and sedienats
RNA (6, 8,11, 19, 34, 36) fromsoilsand sediments because have relied on one or more of the following treatoaen
such procedures promise to make the genomes of uncultured Iysoryme. heat. proteinase K, sodium dodecyl sulfate, (SM)
indigenous microorganisms available for molecular analysis. 6 homoeptdas, ot Phenol. guasidine thioryamate, pro.
The ideal (2, 35, 36) is to circumvent the biase implicit 'in awe, aostone. Sarkosyl EDTA. fromz-thaw cycles, kfreenboi
culture-based procedures by directly accssing the genes of cycles sonicatlon, bead-mill hooenization, microwave haet-
naturally occurring microbial communines. Biut achievinig thi ing. and morta mill grinding. Ograms et: aL (20) reportled that
idieal require overcming a varity Of Hintefernc that a combination of SDS (incubated at 70C) and beadgmil
diminish the quality, yield, and diversity of extracted nucleic: Ionizgaation achieved a 90% tysis efficiency for cellmg natv
acids. These interferences raws questions about the complete. to mu and fteshwater sedliments, as determined by mimo-
news of nucleic acid extraction, and about the representative- scapi~c counts. Tsai and Olson (31) reported that an JEDTA-
ness of results based on the procedures. lssmstetei olwdb he iz-bwad

n on p 24)uma y bie dyisseprct h ito thAexfo raction and duced microscopic counts of cells added to sedbm and
puficaios (.4) ay e dsscte ino te f~owng oncp- subsoil samples by 95%. SW~imry, Picard et aL (22) rporlld

teal steps. (i) washing the material to remove soluble compo- thatthrees sonication microwave-thermal shock cycle avleved
nents that may impair manipulation of subsequently isolated

DN; Ii dsrptonofcelsi te atril o elas DA r complte i~sh1of SV'poWW cuspores. Morercety Ekb andDNA. from thecel (ll) seaaion ofe mthera to ror DNA fro Wagoer-Dabler (7), using microscopic counts of two bacteriailRNAfro th eels;(Ui searaismof he NA r RA fout strains added to sterile sediments, concluded that sim SDI
solids; and (Wv) isolation and purification of the released DNA freim-thaw treatments led to 99% lysis efficiency. Wije all of
or RNA so that it can be used in various molecular procedures tiiese report were b~ased on microscopic observatiows descrip.
(iLe, PCR, digestion by restriction enzymes, hybridiation dons of surivngaceil size distribution and log have
reactions, or sequencing). A variety o'f methods *------ yet to b~e presenteti. Furthermore, general crtrafor lysis
most or all of these steps Jave been published (7, 12,20.22.2&, eficly of mcroorganism native to seiments bas yes to be

2931), yet, no stud), has demonstrated that the DNA or RNA solhe.Idurgasiva = 72Z3)bewas extracted from soil or sediment completely. Nor have esabdsed.I theusisn rearsseveralionvetigat tor. (7 , en)mm
added to sediments were valid surogates for native calls.

The rations]. for the use of a ly*i procedre , Awi clear

C.resp ei asistr. Mdeiln address: Setonic of Idcoil complete disruption of celhalr structure and release of nucli~c
110 WIng HaL, Cornedl Universisy. Ithsca. NY 14853. Phorns: (607 acids is the objective. A goa of our research wss. to bet"e
255-W6 Fax: (607) 255.3904 Eledamc nod addrmz elm3@SCo- uinderstanid the electiveness of call lysis procediures by deter.

nel~od.. mining their elfects on the divese assemblage of cell In native

a
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microbial communities. In this investigation. we compared the biology, Cornell University) by culturine the bacterium on 5%
effects of two of the most widely used physical lysia procedures. PTYG agar menuin 14, 51 and allowinig exrezmv (apprcm-
cycles of freezing and thawring and bead-mdW homotefflatiOfl. macely 40 days) desiccation to occur at =2C. The gpores were

on DNA yield and viable-cell plate counts. Total counts and harvested by flooding the plate with the phosphate bufte.
microscopic observarions of acridime ornuge-stained samples Mi,0 1"ni examaif5n showed that 100% of the Landis
were also used as criteria for lysis effctivefle55 Finally, we cells in the suspensio had sporulated. Each tube received 0.2

simplified the protocol for extraction and purification of DNA ml of the 10% SOS-Tris-NaCI solution. The SDSvocommnmg
from the sediment. Suspe inson of the spores or sedinsent were then sabjecu to

two different lysis procedures. In the freee-thaw procedame
MATUJAS ~ MTHODSsamples were rapidly frozn by immersion in liquid nitroge (2
MATERILS AN METIOVSnmn) and then thawed in a 65*C water bath (5 min); this

Sediment sampiss Sedimen samples were obtained asepni- freez-thaw cycle was carried out three times. The bead-mil
caliy from a coal tar-contaminated, site near South Glens Falls, homogeksiiinflf procedure was carried out for 5 min as
New York. Sample charscteristicn and other details of the site described above, with or without beands added. in this cum, h=i
have been described prvosy(12,17, 18). Approlldntately 35 efficency was evaluated by triplicate viable-cell plate coomson
years ago, coal cwar wsburied in a singl depositionlal event, 5% MGY apar medium, and microscopically as described
and since that time, groundwater tlow has distributed soluble below. The results were confirmed in three separae eneri
coal tar constituents in a narrow contaminant plume through ments. though data from only one are reported herea.
sandy subsurface sediments. The contaminated water which Mimampes k Graineadl of Can lytis Inac sediment sgmples
contains naphthalene and phenanthrene. emerges in an or. or samples treated with SDS and subjected to the lysal proce-
ganic matter-rich seep area at the foot of a hill Slope, 400 mn dures were stained with 0.01% acridine orange andi eamineid
down-gradient from the original coal tar deposit. The methods with either a Zeiss Standard 18 microscope under phase-
described here primarily utiized the Seep sediment. in which Contrast and epifluorescence viewing or a Zeiss laserscmn
organic matter content was approximatelty 20% and the water imicoscope (model LSM-10) eqtupped for fluorescence, phase
content was approximately 50% (12). other sandier sediments and diferential interference contrast imaging unde 488...
(approximately 1% organic matter and 20% water) were als light fromt an argon lase. The LSM-10 is configuored, such that
used in this study. these subsurfice sediments. designated a singl field of view can be examined by conveniona trUs-
"1.source" "Upgradieut, and "downgradient." were obtained mitted and epiflnorescence illumination or by comparable

from boreholes at the field site along a midline trainect of the laser-scanning dimination. Both microscopes are fitted with
plume (17, 18). In samples from source. upgradleiit. and x 100 oil immersion objective lenses with numerica pumntres
dowugradient locations, thes concenratons of polYCYclic aro- of 1.3 or 1.4. An acridine orange direct con nt (AODC)
mati compounds. especially naphthalene and phenanthrene, apar-smear procedure (5, 10) was used to assess the extent of

graduall diminished. Storag of seep and subsurface samples lyia; of the endospores and enumerate the total number of cellls
(in presterilized screw-cap Sim jars) was at 49C for periods up in the sediment. The computerized, imaging and analsitfi
to 1 and 3 years, respectivel. Any changes in microbial systems Of the LSM-10 were used to document the Size
populations that may have occurred during storage were distribution of microbial cel~ls suirviving the various lytic pro-
immaterial for the purposes of this investigatin. cedures. In enumerating cells in the sediment prior to imple-

Cell lysig. The following general lysis protocol was used in all meaning lysis procedures. the average count and standard

exermnts. Equal weights (either 0.2 or 0.5 g) of wet deviation were computed from duplicate smeas prepawred
seietand phosphate buffr (100 mM, pH 8 [231) were frofs three independent subsamples of the sediment as do-

added seqluentially to 2-nil screw-cap, polypropylene0 MicOceti- SCTAWe prevously (5). In lYse. experiments,91 the -a geneald
trifuge tubes (Laboratory Products Sales. Inc.. Rochiester. procedure was followed, exetthat only one smew beem each
N.Y.) containing 2.5 g of 0.1-mm-diameter zircnim silicon sample was examined. In one instance, the number of surviving
diumdd beads (BloSpec Products Bartlesville. Okhla) previ- ceills was estimated from a wet mount of a ktnown volume of
ously sterilized by autoclaving for 50 mm at W2C and I5 sample under a 22-mmn coverslip.
lb/In2. Next 0O25ml of a 10% SDS, solution (SDS-Tris-N&CL DNA pairillindha. The supernatant: from the lysis treatmenit
100 mM NSCI-S00 mLM Tras. pff8-10% SDS) was added- the (00O to 250 gil) was mixed 2:5 with a volume of 735 M
final concentration of SDS was appmodmately 4%. Each tube ammonium acetate and a precipitate was allowed to kern for
was shaken at high speed for 5 or 10min in a bead-mill 5mistat 4C Then, the tube was spun for 3min atl2,0= x
homogenizing unit (Bloapec Mini-Bead Beater). The selection g and IS0 gil of the supernatant was concentrated and parhlly
of bead size and the proportion of beads to cell suispensioti purifiedl with a SpinBind DNA extraction cartridge (FMC
were determined by foillowing guidellines for disrupting bacte- BioProducts Rockland, Maine). In a SpinBind crrde h
rial cells provided by the nanufsetturer. T'he tubes were DNA binds to a mxaoporous silica membrane in the presnce
removed from the beaid-mil and centrifuged for 3 mun at of disotoplk salts; after washing, the DNA can be elluted
12,00 x S. with water. The units were used =onding to the msndetur-

To compare the Jysis ofllency of the bead-mtilli boinogei- Cerls instructiMs excpt that an EDTA-free ethand Wash
=dton anyd freezethaw pomcedures, the sediment was mintd by buffr was employed, and the DNA was Wiuted wOt 30 gil of
adding 3 g of sediment to 3 tal of phosphate buffer ina Li-mil warm (6OC) delionized, water. The ehited DNA wass loaided
plastc centrifuge; au" and; mixing for 2 min on vortez mixer onto al1% agaros gel containing 0.5% ethidium bmumlis and
035 mi of the mined suspansio (equivalent to 0.25 g of su*cted to electrophoresis (4 V/cm) for 20min in TAB bur

sdmn) was immediately distributed to the 2-mi microcen- aceardin to a standard protocol (3). The resulting DNA bands
Wtriug tubes with and without prior addiltion of 0.1-mm beads were cut out of the gel and purified with a Spinffind cartuidge
as described above. A 03-m9 send o of~W B acsrendospores actiarding to die manufacturcers instructlions for ectaction
in the phosphate WNW wa alls added to microcntufug frm an agaros geLI
tubes with and withiout beads, Endospores, were harvested Qud~ant dts. of DNA. The concentration of DNA after the
from a culture, of Bodgr ia sbsfts CU 1065 (Section of Micro- final purification step was measured by deaksitomeu as folo-
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TABLE 1. Eleci oj beam-thw lireatment and bead-mill homogenizationi on suwvwal of culturable sediment bacteria and Badfimaendaspome

SapuTreawimen (iSD) p0gL" Sun" rtio(%

Sediment None 1.0(±2)- 101 100 03
SDS +freeze-thaw 7.8 (:t 15 ) -I 8 0-M
SDS +5-min bead-mife 1.5(:t0-2) 01 2 M

Endospoes None 1.8 (*O.1) -log 100 pND.
SDS + freeze-thiaw 1.7 (*031 -10'94N
SDS + -min bcad-mift 3..5 (t*0.)-l10 2 N

'See Materiala and Metbo&a
gdw, grat at milular d4W weighL

'A we TOMae 2. AODC of untreated sMP11e 3.8 (:M3) x 10' daft-dw-'.
'whe book Were caue train the h~otocs-itionPm& padife the Intio CF3 count wn 6.5 (-t LO) -10' (659* sumymI).ý

amD.no determinacL

lows: 3.0 0j~ of eachsampie and 4. 2.1, and 0.5SP Lof LAmbda RESULTS
DNA standards (Promega, Madison. Wis.) cut with HindIH One indication of the effectiveness of cell lysis procedure is
(New England Biolabs. Beverly, Mass.) were electrophoresed cell viability. Therefore. we measured the change in viabl
on a I% agaroise gel in TAE running buffer as described above. bacteria (CFU) before and after bead-null homogenization
Thle gel was photographed under a Spectroline 302-nm UV and freeze-tharwing as an indicator of the extent of lyuis. The
transilluminator (model TR-302) as previously described (37). dama in Table I show that the beAd-nul homogenization (2%
A negaitive image of the gel was produced with a Polaroid MN4 survival) was more effective than freeze-thawing (8% survival)
Land camera using Polaroid type s5 film. Bands an the in reducing CPU of SDS-treazed sediment bacteria. The CPU
negative were scanned with a laser densitomete (Helena data onl accounted for 0.3 to 0.004% of the total micioscapic
Laboratories Houston. Tex.), and the DNA was quantifid by counts (Table 1); therefore. the survival rate of Iac-er* after
interpolation from a calibraitioni curve prepaired fronm the the MO CC bm PfcOcdufol Was also tetdWith end'Mpares of

densities of Larnbda-H&WInd-cut DNA standards. IL *ubtiui. Because of their resistnce to physical disruptimn
PCR ampllfleaties of estracted DNA. The suitability of the endospores can seun as a model for other resistant microbial

isolated DNA to undergo enzymatic amplificationm Structures The inetectvnesa of the freeze-thaw procedure in

was tested by a nested PCR protocol (15,27), using primers for cducmg~ the viaibility of a suspension of BR =ubdi endospome
,whR. the regulatory gene in the naphthalene catabolism gene was strikding (94% survival [Table 11) relative to the bead-mill

cluster ~ ~ ~ ~ ~ ~ ~ ~ ztin enaefnther7 lsi f~edmessud which 2% of endospores remained
cluser ncodd o theNAH plmid f Peudow= un&lack of viability corresponded to the physical disrup-

(39). The outer primer sequences were 5'AA1LTGCGTGILAC tion of cell wall after bead-mill homogenization (Fig. 1).
CrGGATITAA3' and 5'CC3CCGCCGGC1GGCrGGTG Phase-contrast mictoscopy showed that the phasede~e., re-
T3% corresponding to nudieotides 152 to 172. and 1244 to 1224 fractile pore P were completely ruptured after bead-mill ho-
(39) of the nahR gene. The inner primer sequences were 5'G moeization (Fig.. 1). The usual bright green fluorescence
CCGCGCATCrOGC(CGAGCCCGTCACrTCGG3' and 5'C characteriti of DNA stained with acridine orange was n'i.s
TGGAGGATOTGGCCAACGC3CGGCGAAGTGC3', cor- ing in the ruptured spomu and, therefore. had been released
responding to nucleotides 343 to373 and1 2 0 0 to 117 0 of the into the solution.
gene. The final product was 828 bp long. Reagents and To further confirm that the reduced viability (Table 1) and
conditions for carrying out the PCR were as previoiusly de- ruptured cell (F*g 1) were indicatv of an extracehiluar
scribed (12), except that the inner and Outer reactions were release of DNA. we measured the yield of DNA fromn 0.5 g of
prepared under "-hot-start" conditions, with the deomynucieo- sediment extracted and purified by several varistions of the

side triphosphates added after the tubes were heated to 806r- above lysis proceduires: 5-min bead-ildl homogenizatioti as
The outer reaction mixtur included 2 0& of SpinBind-purified described above. three freeze-thaw cycles; or 5 min of bead
sample and was cycled 1 timesat 950C for 5 min; 5 times at 94*C mtial homogenization followed by three freeze-thaw cycles and

for 2 min, 650C for 1 min, and 72-C for 1 min; 25 times at "TC then another 5 aft of bead-mill homogenization. Initial qual-

for 30 a. 65-C for 30 s.and 72-C for 30 a; and I time at 72% for itative examination of the yields from these three tyds methods

5 mmn For the inner amplification which fiollowed. 5 pl of was accomplished via 1% agarase gel electrophonesis (data not
solution produced f1`om1 the outer reaction mixture was used as shw) On the basis of the fluorescence of intercalated

ethiminbromdethere was no clear visual difference: between
template. Tubes were cycled 30 times at 9S*C for 30sa and 70*C t -e tw ratet that utilized bead-nmill ooeiain
for I min and 1 time at 728C for 5 min. The PCR products were 1U suggested that bead-nail homogenization, alone, was as
detected by aigaros. gel electrophoreals in 1% agarose gels as ciective as a combinationt of freez-thaw treatmient and bead-
described jiaov. p. puddwa G7, used assa positive control in the mlho gei atini releasing DNA. In contrast, the intern-
PCR assay, was originally obtained Jkom G. S. SaYWe (Univr- siqyof the DNA band resultin from the freeze-thaw -tesPament
sity of Tennessee) and was grown at 30*C in 5% MGY as alone was dimmest. thus corroborating the lower lyula e-
previously described (12). Negative controls in the PCR awsay cdency of this treatmsent relative to bead-mill baognoeizatian
were done with reagent only (iLe, no added DNA) and a blank (Tabl 1.The DNA hm ail5 three ly*i prepatatiom was then
derived from a peripheral piece of the DNA purification get conomatiated with a SpinBind cartridge, emplayed in this stuady
that was taken through purification and amplification proce- to improe DNA reccover over ethanol p edipiation-DNA
dures. resuspealon procedures used earlier (12). A ptIon of each
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FIG. 1. Phase-conuam mc OheBL a&bd~ Woms b.dm (A) and nowe (B) bemd~mcll hmqpamaiuii. Dinmeina in thn upperngteand
corne of each mkrgraph dmnsete distnembtentems marinog do e 0m of call. Bats, 5 (A) and 10 (B) Pm'

concentrated DNA preparation was neat elecrpoeial umn to Wkti procedures Because the data ma Table I and the
purified on a 1% agaros gel. Each DNA band wan excised above DNA Yields cdes*l demonstated that freeme-thawin
firom the gel, processed a second time with the SpinBind wan a less effective cell lysa metowd than bead-null boammge.
cartridge, and visualized on an agarose gei, and then a negative ni2tos proceures only the latter and several variations
imageof each band wan, scannted with a laser densitomete to (aimed at discerning the role of SDS in the procedur) wr
quantif the DNA. Yields from the bead-mill 11o10gen2113001 investigated. Table 2 ."mri the total bacterial numbers
(alone), freezethaw tretmnt (alowe) and the two lYsi (AODC), approxmate .sine distribution, andmopogia
treatiments combined wer 11.%,5.2. and 11.0 mg of DNA. g-1  diversity of mm"oranss in sediments before and str D
of sedimnent, respectively. ThW. freez-taa treament almone tratmet, bead-mill homogeIzatIon, or both treatment
relasd one-hag as Much DNA as frm fth tUm be4d-ml Prdo to lyis, the sediment sample contained a rich and Varied

hooeiation uzeatmen%,whos DNA yield wer virtually collection of both eukasyotic and pkrotcemle whichl- bbe spanned a wide range of cell slum (Table 2). In general. the
Moocpcexamination of the sediment provided an addi- vatiou son fractions dimminished as the severity of Odei proce.

tiana mean of messig the response of nativ mioroorn- dun. inrease. The key observatmo shwn in Tabl 2 ia that
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TABLE 2. Effec of beah-inull homtogenmZ*Xof and SDS Imtmeaflnt an toial bactermia nuamou Dacterial smz dia~umbuj
and diveluty in organicaly rich sedimen

AODC AODC Ap=seWMPbIlqgica
Tresannea (=SD).gdw-" ranmiiqn) ransv(;-) k-=

Untrssied 3.8 (±O.3) -10"110>1-.
5.min bead-muld is (±0-5) - 0" 50 2Z0-0.3 i

10-mi bead-mili 1.0 (±0.) - 0* 26 2Z43 in

SDS 4.9 (±0.4) -l10 13 5.0-0.3

SDS + 10-mm bead-mtill 2.2 ( ±1.6) 10le 6 1.2-0.3

-See Magalste mad Mttbabnte tam "l9W SDS ma- ase our clded a fth beadiiul biowain k p~nF* Mreprd an Table 1.
bidw putaam i UIUIday wab

cSin rmp ad mpIc m diwallty at fluoimme" amine anst INA Uhc5 pi W ield 6" uw e AODC wimntail by mummimel ae soon"

epilleramam =1"sutu a dWWWaa n~fmi fmjWi. I. Imp and mual Ihainin rods. coo .Jh dmm suisio a mhetepegti U,
atn.ia* dualtianad ami =DOuW 01111 **y ULU smail mcceid mite maI
"A faciar*i31108 *=na Whmse unumeld sample CPU d-1`*ddein Ta"l L

'TheAODCof thbn samplem ted by dewwmmhflt lb OfU~c 910101 1140MUM mul P~i X LOW "M Ofied 10 9d Of A 1:8 diluted Uaaalecoomistamdies
oraup spiced undw a 2241wa ctmuip.

f A team of 1.467 pm than fte WS and bead.=4ailemtd CPU dexinbd hin Ta"l L

approximately 6% (2.2 (±t 1.6) x 10J8 cells - g of cellular dry of locations in our coal tar-contaminated field site contain

weight -1 of the bacteria. mostly small coccoid cells in the genes homologous to nahiA (12) and naiuR (27). Using zhe

sediment. were unaffected even by bead-mill homiogenizetiofl DNA isolation and purification protoco described hiere we

in the presence of SDS. The small, cells which resisted lysis repeatedly examined the quality of the DNA so obtained,

were observed by Inase scanning epifluorescence mirsoy Figure 3 shows the PCR products that resultgd from four,

(lFig. 2). It is important to note that the epifluoresconce images difrent sediment samples from our study sinte. Becasuse pC

are produced electronically in black and white by using a green is sensitve both to concentrations of inhibitosry al"binaii~ and

anal~yxer filter and photomultiplier detector. Therefore, the to the concentration of target DNA sequencis. we ampliied

degree of brightness of an object in these images was directly drowdy after the final elution from the SpinBin unt (ftg 3,
related to green fluorescence. It is also important to note that lanes 1. 3.5, and 7) and alfter a 10-fold dilution (PIg. 3. bunm 2,

the ratio of viable to total counts (CFU/AODC) of the original 4,6, and 8). The DNAs extracted from seep sedimen (used go

sample wast 0.3% before treatment (Table 1). After treatment develop the protocols described in this study [ftg 3, lanes I

with SDS and 10 mm, of bead-mill homogenization, the CFU/ and 2D and -ot sediment (Fg 3, lanes 7 sau 8) were

AODC ratio was 0.07% (compare the data in Table 1 and susceptible to PCR amplifcation of the nAR gIne, reggardless

Table 2, footnzote c). Thus. the net efect of these combined of dilfution. Howeve, DNA preparations front the other

treatments was to "yl the larger cells that were more likely sediment samples displayed dilfaring re-spom-as to dilution

than the small cells to grow on the plate count medium- neaR was not amplified from the diluted upgradlsnt sediment

PCR mupllfcatiemo esdma-ds l DNA. In addition to DNA (Fig. 3, lane 4)-posisibly, indicating a low titer of targe

examining the ellcacy of cell lysis procedures. this study also DNA. In contrast, the DNA preparation fromt the dowugradi

pursued the goal of achieving a rapid overall procewdure for cut sediment yiekled a relatively weak amplification band in

extracing and purifying DNA fronm sedimentL By scaling down the undiluted sample Fig 3, lane 5)-pVouuib indicating that

fth total amount of sediment processed. front 1 (12) to 0.25 or the electroplioresis and SpinBind piufffcatiom steps failed to

0.5 g, we were able to perform all of the above procedures in completely remove substances inhibitory to the PCL. As an
unicrocentrifuige tubes. This, in combination with utilization of additional negative control treatment in the ezipuim"n whose

SphnMind units, shortened the total processing tinme, frm results are shown in F%3 3, a piece of the pur~aioncu gel from

crude sediment to purified DNA, to approximately 2 IL. outside the DNA banids was carried through the pCI proce-

Many reports hane shown that soil and sediments contain dure and failed to yield the amplifid product (dafta no

hunsic or other substances that may remain associated with shown). When additional subampes of the sediments used

extracted DNA. thus preventing its subsequent analysis (13,29, (Fig 3) were repeatedly carrned utrough the DNA - -- 4

33). To determine if the DNA yielded from sediment samples purification, and PCI procedures, amplification of thes neaR

was pure enough to allow subsequent molecular anaslyi, we geme was not always confistent. Tis inc mOnsstn wim noted

performed a variety of tests. The firs was designed to ascertain previousy in the amplification of naAk4c frm the uppisdient
the elfectiveness of gel electrophoresis in DNA puifiaton A and downpaedient samples (11). The reason for this variability

1.01 volume containing 45 P. putide G7 cells (detrie by is uncertain, but the variation may have beeni caused by

plate counts) was added to the PCR mixmurealng with 2 paJ of heterogeneity inherent in the physical chemical, and udelabi-

sedimen-derived DNA that had twic been passed through the ological, characteristics of field, site-derived sediments.
SpinBind cartridges, with and without gel electoophioretic:
purification in between (the paricuar sediment su1365*Dple DCUSSION
used her lathed ampallahie neaR). After completion of the
nested PCI procedure on both preparations. nahR was anipl- Thsreport hasarticulated the roleof cll ysl asthfirsin

fled from A. pudda G37 cells only with the electrophosetic a series of Piprocedur, required for achieving sialkot, nouse-
purfiati-oWn- (dafta not shown). Thus, we confirmed our prewi. lective access to the genes in naturally 9o- -,In jaedimenet

otis results (12) Indcating that the sediment contained PCI- microbial communities. But, perhaps more imponsuntly we

inhbi~tor substances whose removal required a gel-electro- have presented criteria for evaluating the eleciveness of the

pliaresic purificatiOn stop. lysill step. These criteria were loss of cell vibilit, toed DNA

Prior work has shown that sediment samples from a variety yield, and microscopic: examination of sediment-drive ,d cells
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P1). 2. Low sv n m ~ hw Splaua 11fpq~ of =wii wamqsaimed adiw 8..b sedimanz Ie. (A) and aftr (5) bead-mii
omguabMIMu.NeW hepru of both lamp andsmalicut intim aterof the pselysim mi SuI Onlyvegymanal cult uý aI e Ish ut.

Dimeinmom in tohe ppe - ighdibnd aoinr of a*b miwmopaph d fc.th ditmce beh e th*A u a*;asust to =Ils Of Pafftha.-

for total direct m ants and niorphologics! diverity iangus. By sedbuent was veridW by PMR amplification of a native napla.
all four criteria, bead-mugill ocat waa shown to be thalene catabolic gone.
more eficlent in lyusing calk. than freezethWing. Furthermore Precedent has been set for using 'he behavior of an hndiato
the quality of the DNA subsequently extracted from the mimroorlganis, often seeded into seduiments prior to determin-
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1 2 3 4 5 6 7 8 9 10 odolones. as well as microbioloical iditosnasies of part-.
lar samples stemming from physaologica influncs such as sod
or sediment type. cimnate. and the content of water. oxygen.
and orgamc matter. etc. The DNA yielded when SDS. bead-
mill homogenization was combined with the exbtrcon proto.
col described here (11.8 ILg"g of cellular dry weight-')
represents 62% of the 19 p of total theoroecai DNA. Many of
the assumptions contributing to this eficieany figr am un-
certain; nonetheless, this estimated yield is reasonably high. It
is perhaps remarkably high in light of the faa that much of the
DNA from the 1.2- to 0.3-pn4ong cell fraction was aot

FIG. 3. Ampfintion of eai froa four sdimet Samipim vnth released (Table 2) and that the steps subsequem to cell lysis
nested primer PCR. For hates L 3. 5, and 7. a 2-KuJ connmtfPrmi (especially separation of the DNA from sediment pwa )
sample was ued a temples for pCR amp0catiol and for hunes 2,

6. d a 2 1:10 diluo o es ud. L W not carefully scrut ed Only after each step has been
1 and , seep 2eda11 3 ad 4. upt diea m sediment w ad 6 thoroughly examined and optimized can DNA extraction bi-
dindiensee sedimat 7 and & sou-c WsMnt 9, p 5and ases be reduced and eti ciency be increased. It should be noted

(part of a P. pumi G7 cohay added to he PCQ mixure); 10. PCR that even if an extraction elhciency of 99.9% were achieved.
negative nto (reagn with 10 cells per g this would stiff leave 106 orgaiisms per g

unsampled. Thus, even when the lysis efficiency is relatively
high, minor members of the community may remain intact and.
consequently, their DNA may escape detection. Although

ing the efficiency of lysis or DNA recovery, as a basis for there is no clear solution to this dilemma, we feel that
extrapoiating to the behavo of indigenous cells (7, 22. 31). continued striving towards the combination of unbiased ge-

Similarly, in this study, viable counts of Bacdus endospores nome sampling and enhanced sensitivity afforded by PCR may
and native sediment bacteria wer examined as a means for partially mitigate such detection limit problems.

testing cell lysis procedurea. A consistent proportion of surviv- PCR detection of genes native to sediment requires that the
ing cells (2%) (Table 1) shared by the two very different ratio of target sequence be high relative to accompanying

microbial assemblages (total sediment microorganism and sediment-derived materials that may inhibit the denaturation,
Baclug endospores) prided initial encouragement that annealing, and DNA synthesis stages of PCR (29, 32, 33). in
DNA released from sediment by bead-mill homogenization this regard, optimal sensitivity for amplifying native genes can

would be completely represntative of the sediment microbial only be achieved by separating the DNA from inhihitory
community. However, the total viable counts derived from the substances. Recently, Abbenadegan et al. (1) have hmm that

sediment represented only 0.3% (prelysis) (Table 1) and 0.07% Sephadex G-100 and Chelex 100 resins suecessfully reaoved

(postlysis) (Table 2, footnote e) of the total microscopic count. PCR-inhibitory substances from groundwater concentrate.

This total mi=c pa count necessarily included unknown Perhaps ironically, nontarget DNA itself has aow recently been

proportions of nonviable but intact cell and both cultured and shown to mask the PCR amplification of target sequences in

uncuitured viable cella. Thus, an astonishingly large compo- low abundance (29). This study has confirmed that puriiaion
nent of the sediment microbal community studied here was of DNA extracts is required for succesful PCR amplification

characterized only soggrding to microscopically discernible of indigenous genes (nahR). But even in such purportedly pure

traits such as cell size and morphology (Table 2). The SDS, DNA preparations, lack of amplification in undiluted DNA
bead-mill homogenization treatment disrupted indigenous extract (Fig. 3) suggested that inhibitory substances s re-

cells in a biased manner by leaving the smallest size fraction mained in the mixture. The need to dilute DNA extrae prior
(1.2 to 0.3 pm long) (Table 2; Fig. 2) intact. Until this resistant to PCR amplification has been reported earlier for electro-

portion of the sediment micrbial community can be lysed phoretic purification of DNA exuacted from environmental

(peramps by using smaller beads and additional chemical lytic samples (7, 22, 33), and it is the simultaneous dilution of the

agents), the ideal of Macesing all of the indigenous genes will target sequence that may ultimately limit the sensitivity of the
be thwarted. Furthermore, it is dearly unwise to use added method.
indicator M or even viable indigenous cells as a Scale and its equivalent, sample size, are other issum to be

basis for drawing liferen about the susceptibility of the considered in performing and interpreting experiments emm-
uncultured microbial community to cell lysis procedures. ininm molecular characteristics of naturally occurring microbial

Despite the fact that SDS& bead-mill homogenization failed communities. The small-scale (0.5 g) processing of sediment
to disrupt small cells native to the sediment. it is appropriate to reported here substantially diminished the logistial and time
use the data prenmated here o estimate total sediment DNA constraints on DNA extraction. But facile procesFIng of small
and the overall efficency of the extraction procedure. If we samples raises questions about how accurately such small

presume that prokayo were the predominant reservoir of samples represent microbial communities as they oomr in the
sediment DNA and that each of the 3.8- 100 prokayotic landscape. Not enough is known about the chemical, physical,

celkls s of cellular dry weight -' contained a single Stationary- and microbiological spatial heterogeneity of soils (21) and

phase genome weighing 5 10 - g (baed on data for &cwe- sediments to allow data from 0.5-j samples to be the bais for
richi coi (38D, then I g (dry weight) of the sediment extrapolation to larger (Le., kiom) or very large (Le,
contained 19 4p of DNA. This value agrees reasonably well landscape) scales. Moreover, the ampliflablilty of gen

with the total sediment DNA estimated by Ogram et al. (20) present in 0.5-g samples undoubtedly reflects the variable
(27 pjgo g olclular dry weight-') and with the ranges of total spatial distribution of both the target DNA sequence and

soil DNA (20 to 50 pga gd oo ellular dry weight-') repoted by sedimeat-ived subsances that inhibit 9CR (sWn the discus.
Picard et aL (22), Seleasha and IKingmWider (26), and Stefan sioan above). Because these determinants for suawesul gene
and et aL (28). Faco contributing to variability in total DNA amplification may vary independently, interpreting the results

estimates include them imposed by difremnt extraction meth- of such assys may prove challenging
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Recently, Erb and Wagner (7) used DNA extraction and nated biphenvi degradatiot ;enes in polluwcd sedlnmen by direct
PCR amplification techniques to obtain a polychlorinated DNA extracuon ana poaymeras Chsain reeamon Appi. Fau
biphenyi catabolic gene directly from a German freshwater Miroil. 59-406S4073.oig
sediment. A comparison of restriction digests tailed to detect 8. IleeMlg J. T.. J. Sansaverine. anid cz. &. Say. 1993. Qusenmadin

anydierenc btwen sdientdeve bpAB gne relatiomlup betweennaphthalezeucataboic gems frqua endany~~~~~~~~~~~~~~~ diegnebtenasimn-oie p4Cgn xreo n predicting PAH degradation, sds Q Env=n S&.
fragment and that of the type Straif. Psedonionas sp. strainl Tcnl 27:1068-1074.
LB400 (7). In contrast, by hybridizing DNA extracted from 9. Fuu .1. A,., L McCallum, and A. A. DavIs. 1992. NovelI samer
sodls with a variety of gene proe Holben et al. (14) have archaebsctenai group from marim pleaanktn Ndagsr (Landcn)
recently demonstrated that the genetic basns in soil microbial 356e148-149.
communities for 2,4-dichlorophenoxyacetic acid catabolism 10. Ohier~SO W. C.. and D. L Rallkwll 198. Microbioogiati chasms.
was broader than that of plasmid pJP4. Similarly, we reported temzabon of subsurtace enlvironments. p. 387-401. In C. IL. W"a
significant restriction fragmnt length polyiorphim relative W. Gigr. and P. L McCarty (ed4. Ground wate queliy. john
to P. putida G7 in the naluAc genes in DNA extrated from the W~iley & Sons. Inc-. New York _L ~

same oal tr-cotaminted cid ste exmine here(12) In Ha.hn. D.. R. Ksast. M. L1 C. Staureebw sdA.DrgAi=
samecoa ta-cotamnatd feldsit exmind hre 12) In Mao& 1990. Extracton of rabogoen RNA from sodl jar demotion

order to learn more about the distribution of related naphtha- of Fmwuina with oligonucleotide probes, Arch, himobio L1&329.
lene catabolic gene sequences. procedures in this study utilized 335.
a different. nested set of oligonucleotide primers. specifically 12. Herrlcit, J. IL.E.L L Maims. C. A. Bati and W. C. Chidusa. L99.
designed to amplify an 828-bp fragment of the ,maizR gene (27. PolYsierase cham ianraon amplificatio Of naphithalene catabolic
39). nadiR is a member of the lysR family of regulatory genes and 16S rRNA geme sequence fornm indipam sedimen bea.
that are widely distributed among gram-negative bacteria (25). rla. Appl. Environ. MficrobiaLi 59:637-694.
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